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Tremendous progress has been made in our under-
standing of the molecular basis of hearing and hear-
ing loss. Through recent advances, we have begun to
understand the fascinating biology of the auditory
system and unveiled new molecular mechanisms of
hearing impairment. Changes in the diagnostic im-
pact of genetic testing have occurred, as well as ex-
citing developments in therapeutic options. Molecu-
lar diagnosis, which is already a reality for several
hearing-associated genes, will doubtlessly continue to
increase in the near future, both in terms of the
number of mutations tested and the spectrum of
genes. Genetic analysis for hearing loss is mostly used
for diagnosis and treatment, and relatively rarely for
reproductive decisions, in contrast to other inherited
disorders. Inherited hearing loss, however, is char-
acterized by impressive genetic heterogeneity. An
abundance of genes carry a large number of muta-
tions, but specific mutations in a single gene may lead
to syndromic or non-syndromic hearing loss. Some
mutations predominate in individual ethnic groups.
For clinical and laboratory diagnosticians, it is chal-
lenging to keep abreast of the unfolding discoveries.
This review aims to provide the framework pertinent
to diagnosticians and a practical approach to muta-
tion analysis in the hearing impaired. (J Mol Diagn
2004, 6:275–284)

Hearing loss is common at all ages. It is a major public
health concern because it affects 6 to 8% of the popula-
tion in developed nations when all causes are combined
and it is the most common birth defect.1 Following the
implementation of universal newborn hearing screening
(UNHS) the incidence was found to be even higher than
previously thought. Approximately one in 1000 newborns

are deaf, one in 300 children are affected with congenital
hearing loss of a lesser degree, and an additional one in
1000 become profoundly hearing impaired before adult-
hood.2,3 Before the implementation of early hearing de-
tection and intervention programs, the average age at
diagnosis was 1.5 to 3 years, which is well beyond the
beginning of the critical interval for speech and language
acquisition.4 Undiagnosed hearing loss and diagnostic
delay have a profound impact on linguistic and commu-
nicative competence, as well as cognitive and psychos-
ocial development.5 Delayed recognition may lead to
isolation later in life.6

Hearing loss can be due to environmental factors,
genetic defects, or a combination thereof. Presbyacusis
(age-related hearing loss) is generally considered to be
multi-factorial. In contrast, approximately 25% of child-
hood hearing impairment in the U.S. is caused by envi-
ronmental factors such as prematurity, infections, expo-
sure to ototoxic medications, and trauma. It is estimated
that at least 50% of prelingual hearing loss is caused by
genetic changes, whereas the etiology remains obscure
in the remaining 25%. Most of these cases, however, are
assumed to be of genetic origin. Thus, genetic causes
account for the largest proportion of all cases of prelin-
gual hearing loss.7

Hearing loss can be classified further by several crite-
ria, including the severity (mild or 20 to 39 dB, moderate
or 40 to 69 dB, severe or 70 to 89 dB, and profound or
�90 dB),1 age of onset (prelingual or post-lingual), and
the physiological etiology. Conductive hearing loss is
characterized by external ear anomalies or abnormalities
of the ossicles in the middle ear, sensorineural hearing
loss is due to inner ear malfunction, and central hearing
loss is caused by defects of the VIIIth nerve, the brain
stem, or the cerebral cortex. Hearing loss can also be
mixed.
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Genetic hearing loss has diverse etiologies and it is
estimated that approximately 1% of all human genes are
involved in the hearing process.8 Leaving the patterns of
inheritance aside, non-syndromic hearing loss accounts
for more than 70% of all hereditary hearing loss.9 Non-
syndromic or isolated deafness is not associated with a
clear pattern of other physical defects. In contrast, syn-
dromic deafness is characterized by additional manifes-
tations, such as retinitis pigmentosa (eg, Usher syn-
drome), euthyroid goiter and inner ear malformations
(Pendred syndrome), craniofacial dysmorphia (Treacher-
Collins syndrome), marfanoid body habitus (Stickler syn-
drome), renal anomalies (Alport syndrome), or the pres-
ence of long QT intervals (Jervell and Lange-Nielsen
syndrome). Several hundred syndromes involving hear-
ing loss have been described.1 Although useful when
syndromic features can be recognized, this subdivision
poses a dilemma when clinical manifestations are not
fully developed. This is especially common in childhood,
but may also be caused by variable gene expression. For
example, the goiter in autosomal recessive Pendred syn-
drome may develop only in adulthood, if at all. With no
other symptoms evident on physical examination, the
diagnosis of Pendred syndrome is likely to be missed.

Genetics

Hearing loss can follow a pattern of autosomal recessive,
autosomal dominant, X-linked, and mitochondrial inheri-
tance. The genetic basis is highly complex. Allelic muta-
tions in some genes can cause recessive and dominant
hearing loss, mutations in the same gene may cause
syndromic or non-syndromic hearing loss, and recessive
hearing loss may be caused by a combination of two
mutations in different genes from the same functional
group.

Of the estimated minimum of 50% of cases with inher-
ited hearing loss, �70% are non-syndromic and �80% of
these are autosomal recessive (10, Figure 1). Non-syn-
dromic hearing loss is most often sensorineural. It can be
divided into DFNA (autosomal dominant deafness, �15
to 20%), DFNB (autosomal recessive deafness, �80%),
DFN (X-linked deafness, �1%), and mitochondrial deaf-
ness (at least 1%).10,11 Autosomal dominant sensorineu-
ral hearing loss (SNHL) is often post-lingual and progres-
sive, whereas recessive SNHL is prelingual as a rule.

Due to tremendous genetic heterogeneity, the identifi-
cation of genes and gene defects that affect the process
of hearing has been challenging. Considering the com-
plexity of the auditory system, which requires interaction
of a diversity of proteins including ion channels, extracel-
lular matrix, cytoskeletal proteins, and transcription fac-
tors, this is not surprising. However, it hampers gene
identification by traditional genetic methods such as the
grouping of multiple families for linkage analysis. Linkage
analysis is also complicated by the fact that more than
one cause of hearing loss can segregate in a family after
assortative mating, which is relatively common among
deaf individuals.

Genetic studies of hearing loss have been successful
in isolated populations and consanguineous families.
Even after the gene has been localized to a region on a
chromosome, however, the process of positional cloning
via a physical map followed by transcript identification
can be arduous.12 Some identified loci, including DFNB1,
DFNA2, and DFNA3, have been found to harbor multiple
genes. On the other hand, some genes have multiple
locus assignments due to incorrect initial designations.13

Gene identification has been facilitated greatly by the
recent advances in genomics, the human fetal cochlear
library, and by research in model organisms such as the
mouse.12,13

In the field of non-syndromic hearing loss, 21 genes
associated with autosomal recessive inheritance, 20 asso-
ciated with autosomal dominant inheritance, and one with
X-linked recessive transmission have been identified and
characterized (http://dnalab-www.uia.ac.be/dnalab/hhh/).

Connexins

Autosomal recessive non-syndromic hearing loss at the
DFNB1 locus on chromosome 13q11–12 is characterized
by congenital, typically non-progressive, mild to pro-
found hearing impairment. The locus contains two genes,
GJB2 and GJB6. GJB2 encodes connexin 26, a gap
junction protein of the beta group with a molecular weight
of 26 kd. The human connexins are classified by their
molecular mass (reflected by the number in the connexin
name), and by extent of sequence identity, which is indi-
cated in the gene symbols for GJA, B, and C subtypes.
The connexin genes are very similar and contain their
coding region within a single exon, separated from the
5�-UTR by an intron. Identification of the GJB2 gene was
a landmark in the genetics of hearing loss, because it
pointed out the pivotal role of cochlear gap junction ion
channels.14 The coding sequence of GJB2 is encom-
passed entirely by exon 2 and consists of 681 bp, which

Figure 1. A subdivision of hearing impairment by cause (column 1), pres-
ence or absence of associated features in cases of genetic etiology (column
2), and mode of inheritance in the non-syndromic group (column 3). The
smallest boxes in column 3 represent X-linked hearing loss, which ac-
counts for �1% of non-syndromic hearing loss, and mitochondrial hearing
loss, which accounts for at least 1%. AD, autosomal dominant; AR, autosomal
recessive.
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are translated into a protein with 226 amino acids and
include the stop codon. Exon 1 is contained in the 5�-
UTR. Mutations in this gene represent the most common
cause of sporadic and autosomal recessive non-syn-
dromic sensorineural hearing loss (SNHL). They are re-
sponsible for approximately half the cases in the United
States, Europe, Australia, and Israel, and have been re-
ported in other populations as well.15

The most common mutation is a deletion of a single
guanine from a string of six (35delG). This mutation ac-
counts for more than two-thirds of identified mutations
and results in a frame-shift with premature termination of
the protein. It still remains to be determined why this
mutation has a relatively high frequency, but it has been
suggested that 35delG is located in a hypermutable re-
gion.16 Both a local Chi consensus motif and a TGGGG
sequence, which have been linked to �-globin gene mu-
tations and to recombination in the immunogobulin
genes, could play a role. If slippage and mispairing of
strands during DNA synthesis determine the high inci-
dence of this mutation, however, ethnic background
should not contribute much to variation in frequency. Yet,
the prevalence of 35delG seems to markedly vary be-
tween populations. An alternative to the mutation hot-spot
hypothesis has been offered by Van Laer et al,17 who
proposed that the high frequency of this variant results
from a common founder. Because the mutation is thought
to be evolutionarily ancient, haplotype sharing is ob-
served in a small chromosomal region only. Although
these hypotheses seem to be contradictory, both phe-
nomena could have contributed to the high allele fre-
quency of this single mutation.17 The overall carrier fre-
quency of 35delG in the U.S. reaches 2.5% in some
studies but appears to vary by population.17–19

The 167delT mutation is the most commonly identified
mutation in the Ashkenazi Jewish population, where it has
a carrier frequency of approximately 4%.20 In Southeast
Asians, 235delC is the most prevalent with a carrier fre-
quency of �1:100.21 A list of all published mutations as
well as common polymorphisms in GJB2, is available for
clinical correlation and interpretation at the connexin-
deafness home page (http://www.crg.es/deafness/). Ap-
proximately 110 individual non-syndromic GJB2 gene
variants have been described: eight are dominant, 89 are
recessive, and 11 are of unknown significance. Reported
mutations include nonsense, missense, splicing, and
frame-shift mutations as well as in-frame deletions (http://
www.crg.es/deafness/).

Although up to half of the individuals with autosomal
recessive SNHL have GJB2 mutations, �10 to 50% carry
only one.15 A role for GJB6, the gene adjacent to GJB2 on
chromosome 13, was first suggested in 1999, when a
dominant mutation (T5M) was described.22 The most
common mutation in GJB6, however, is a �300-kb dele-
tion which causes non-syndromic SNHL when homozy-
gous, or when present on the opposite allele of a GJB2
mutation.23 GJB2 and GJB6 are only �35 kb apart. GJB2
is located on the centromeric side (Figure 2). GJB6 is
very similar to GJB2, but not interrupted by introns.22

Both genes are expressed in the cochlea where they can
combine to form multi-unit hemichannels in the cell mem-

brane, and function as an integral component of the
potassium regulation in the inner ear. A mouse model
with connexin 30 deficiency demonstrates profound con-
genital hearing loss. A digenic mechanism of inheritance,
therefore, is plausible. Alternatively, the large deletion
could affect an undiscovered upstream regulatory ele-
ment of GJB2.24

As seen with the 35delG mutation in the connexin 26
gene, the prevalence of the deletion in the connexin 30
gene seems to vary widely depending on ethnicity. The
deletion frequency in study subjects with one or zero
GJB2 mutations is highest in Israel (71.4%), whereas the
GJB6 mutation occurs in up to 20% of the hearing-im-

Figure 2. Schematic representation of the long arm of chromosome 13, band
12 (not to scale). The GJB2 and GJB6 genes, which encode connexin 26 and
connexin 30, respectively, are adjacent. �, a 309-kb15 deletion, which elim-
inates part of the GJB6 gene and is associated with recessive hearing loss in
homozygous form, or in the heterozygous state in combination with a
mutation in GJB2. This deletion was formerly thought to span 342 kb.
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paired U.S. population.15 The GJB6 deletion may ac-
count for �10% of all DFNB1 alleles with an extremely
wide range based on ethnic origin. Thus far, information
is very limited and reliable estimates precluded by small
sample numbers in some countries. Even within the U.S.,
further studies will be necessary as the overall frequency
may vary markedly from state to state. Nevertheless,
connexin 30 significantly contributes to the molecular
basis of hearing loss. In addition to a direct effect, it is
possible that the GJB6 deletion modifies the phenotype in
individuals who carry two recessive GJB2 mutations.
There can be notable intra-familial variability with hearing
loss ranging from mild to profound. Thus far, however,
this has not been explored.25

Non-syndromic dominant hearing loss associated with
GJB2 mutations is early-onset, moderate to severe, and
(in contrast to autosomal recessive GJB2 related deaf-
ness) typically progressive. Dominant GJB2 mutations,
however, often have pleiotropic effects. Hearing impair-
ment has been reported in association with skin disorders
including palmoplantar keratorderma (PPK, Vohwinkel
syndrome), keratitis-ichthyosis-deafness, and hystrix-like
ichthyosis deafness syndromes.26 GJB6 has also been
associated with Clouston syndrome (hydrotic ectodermal
dysplasia), which is autosomal dominant and may occur
with deafness.27,28

Connexin Function

More than 20 widely expressed connexin proteins have
been identified thus far (http://www.ncbi.nlm.nih.gov/).
Through the formation of gap junctions, they enable com-
munication between adjacent cells and are involved in a
large number of cellular functions including cell growth,
differentiation, reaction to signals, synchronization of ac-
tivity in excitable tissues, and homeostasis.29 The expres-
sion levels of different connexin isotypes are intercon-
nected, as was shown in a connexin 32 knock-out mouse,
which had simultaneous reduction of connexin 26 ex-
pression in hepatocytes.30 Connexins 26, 30, 31, 32, and
43 are expressed in the inner ear where they fulfill a
prominent role in normal hearing.

In the cochlea, the potassium-rich endolymph is set
into wave-motion by the mechanical vibration of sound.
This deflects the microvilli on the cell apices and moves
the associated actin-containing stereocilia. Potassium
then flows into the hair cells and depolarizes the mem-
brane resulting in an action potential, which activates the
acoustic nerve. To maintain the electrochemical potas-
sium gradient between the hair cells and the endolymph,
however, potassium ions must be recycled from the hair
cells back to the endolymph.31 Although their exact func-
tion and role in hearing loss remain unknown at present,
it has been put forward that connexin gap junctions,
through intercellular communication, affect the ionic am-
biance of the cochlear epithelial cells and potassium
recirculation.32 Located in the cell membrane, six con-
nexins of the same or different types form a connexon,
which creates a pore in the membrane and an intercel-
lular communication channel when aligned with a second

connexon in an adjacent cell33 (Figure 3). Impairment of
normal ion channel function results in hair cell death and
permanent deafness.32,34,35

Animal studies and in vitro research of individual hu-
man connexins have illuminated the diverse, selective,
and complex tasks in individual tissues. The multitude of
cellular functions is facilitated by the expression of a
variety of connexins in each cell type. Through combina-
tion of different connexins as building blocks of the indi-
vidual connexons, and through formation of diverse con-
nexon pairs, these ion channels demonstrate tremendous
variety in their functions. On the other hand, connexon
structure may limit certain cell-cell interactions through
selective incompatibility.29

Mutant connexins expressed in paired Xenopus oo-
cytes, with quantification of channel activity between the
two cells by the dual voltage clamp technique have dem-
onstrated a reduction or complete lack of connexon func-
tion. Whereas loss of function is the main pathogenic
mechanism for recessive connexin mutations, dominant
mutations exert a dominant-negative effect on the wild-
type protein. The dominant-negative inhibition is most
likely a result of the direct interaction of normal and
defective connexins at the cell membrane.22 It does not
only occur as an effect of a defective connexin on an
intact one of the same type, but it can also be trans-
dominant, as was shown for connexin 26 and 43, which
can co-localize.36

Connexins 26 and 30 are co-expressed in the inner
ear. Connexin 30 knock-outs as well as mouse models in
which connexin 26 has been selectively ablated in the
inner ear (an approach chosen because connexin 26
�/� mice are not viable) have severe hearing loss, sug-
gesting that these two connexins are unable to comple-
ment one another in the inner ear.37 A single recessive
mutation in each gene can also lead to non-syndromic
SNHL through an apparently digenic mechanism. The
hearing impairment could be due to a dosage effect, but
one may expect that the wild-type allele of each gene
would be able to compensate. Considering that there are
six connexins in each connexon, however, it is likely that

Figure 3. Six connexin proteins (cxi) group to form a hemichannel in the cell
membrane. This channel is called a connexon (cxo). Connexons can be
made of six identical connexins (homomeric) or of different types (hetero-
meric). Two neighboring connexons, which create a functional communica-
tion channel, can be identical (homotypic, as shown under A) or of different
composition (heterotypic, as shown under B).
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the abnormal proteins are incorporated in the majority of
heteromeric and homomeric connexons. This then results
in defective connexons that cannot effectively recirculate
potassium, are devoid of electric potential, and fail to
provide an environment in which the hair cells survive. As
yet, however, the functional basis of the digenic obser-
vation is not elucidated.

Other Genes

Several hundred genes are involved in the complex biol-
ogy of hearing. Rather than to list all fully characterized
genes, the following section aims to review genes other
than GJB2 and GJB6 involved in non-syndromic hearing
loss for which clinical laboratory testing is currently avail-
able (http://www.genetests.org/servlet/access) (Table 1).

SLC26A4 (DFNB4)

Mutations in SLC26A4 are associated with autosomal
recessive SNHL and with Pendred syndrome.38,39 This is
one of the most common forms of syndromic deafness,
but likely under-recognized. It is associated with a dys-
morphic cochlea that contains 1.5 instead of 2.5 turns
(Mondini dysplasia) and with enlargement of the vestib-
ular aquaduct, which can be examined by computer
tomography. The hearing impairment is typically severe
and frequently stable, although it can be progressive.
The SLC26A4 gene encodes Pendrin, a chloride/iodide
transporter. Additional manifestations of Pendred syn-
drome include euthyroid goiter, which results from the
limited ability of the thyroid gland to organify iodine dur-
ing thyroid hormone biosynthesis, but this feature is nei-
ther specific nor sensitive. Goiter can be a clinical symp-
tom of other disorders, and is not consistently present in
Pendred syndrome due to incomplete penetrance. Even
when expressed, it often does not manifest until adult-
hood. One laboratory test that may be helpful is the
perchlorate discharge test, which assesses the organifi-
cation of iodide. Molecular testing is valuable and feasi-
ble in this disorder, as four recurrent mutations explain

�75% of affected chromosomes. Mutations may, how-
ever, be found throughout the gene.40

COCH (DFNA9)

The COCH gene encodes cochlin, a protein abundantly
expressed in the extracellular matrix of the inner ear.
Hearing loss associated with defects in this gene is typ-
ically autosomal dominant, non-syndromic, post-lingual
with an onset in adulthood, and progressive. Affected
individuals have the unique temporal bone histopatholog-
ical finding of mucopolysaccharide depositions, which
appear to smother the dendritic fibers. Vestibular symp-
toms such as imbalance may be present. This disease
has clinical similarities to Meniere’s disease, but, in con-
trast, shows high frequency hearing loss.41

Mitochondrial Hearing Loss

SNHL is present in 42 to 70% of individuals with mito-
chondrial disorders and can be non-syndromic or syn-
dromic. Mitochondrial DNA mutations have been identi-
fied in �3% of patients with SNHL. This figure is expected
to rise due to a projected increase in genetic testing and
awareness.42 Mitochondrial hearing loss mutations are
transmitted exclusively through the maternal line, and
demonstrate complete or nearly complete homoplasmy,
which means that the mutation is present in (almost) all of
the mitochondrial genomes within an individual.43

Up to 25% of patients who receive aminoglycosides
experience SNHL, even when administered at therapeu-
tic levels and for a short time only. Fifty percent of those
affected carry the 12S ribosomal RNA mutation
1555A�G in MTRNR1. SNHL could be avoided in many
patients if mtDNA analysis would be performed routinely
and a high index of suspicion were present before ami-
noglycoside administration.42 This mutation is also an
independent cause of non-syndromic, and generally
milder, hearing loss in multiple ethnic backgrounds.

The 7445A�G mutation in the gene that encodes the
serine tRNA causes hearing loss, but penetrance de-

Table 1. Genes Involved in Non-Syndromic Hearing Loss, for which Clinical Laboratory Testing Is Currently Available
(http://www.genetests.org/servlet/access)

Chrom.
location Locus/mutation

Gene
symbol Inher. Protein Function Ref.

13q11-12 DFNB1/A3 GJB2 AR/AD Connexin 26 Gap junction 13
13q12 GJB6 AR/AD Connexin 30 Gap junction 19
7q31 DFNB4 SLC26A4 AR Pendrin Anion transporter 38, 39, 40
14q12-13 DFNA9 COCH AD Cochlin Extracellular matrix protein 41
Mitoch. 1555A�G MTRNR1 Mito. 12S rRNA 42, 43, 44

7445A�G MTTS1 tRNA Serine
7472insC
7511T�C other

Xq21.1 DFN3 POU3F4 XL Pou domain
class 3

Transcription factor 45

4p16.1 DFNA6/14/38 WFS1 AD Wolframin Not clear: ER
transmembrane protein

46, 47, 48

Chrom, chromosomal; Inher., inheritance; Mitoch., mitochondrial; Ref., references.
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pends on the on the mitochondrial haplotype in individual
populations. This led to the hypothesis that either ancil-
lary genetic modifiers or environmental factors play a role
in the expression of hearing loss. Some mutations, such
as a cytosine insertion at position 7472 in the tRNASer
gene, are associated with sensorineural progressive
hearing loss combined with neurological manifestations.
Mutation 7511T�C in tRNASer is not associated with
neurological manifestations, but leads to progressive
hearing loss with variable age at onset.44 More mutations
have been identified in patients with non-syndromic SNHL
but these are still being evaluated for pathogenicity,43

(http://dnalab-www.uia.ac.be/dnalab/hhh/).
Mitochondrial SNHL may be syndromic and can be

associated with point mutations (including those in
tRNALys and tRNASer), deletions, and duplications
(http://dnalab-www.uia.ac.be/dnalab/hhh/). Syndromes
associated with mitochondrial hearing loss include those
caused by the 3243A�G point mutation in MTTL1, the
gene encoding the leucine tRNA. In these cases, the
hearing loss exists in conjunction with Kearns-Sayre syn-
drome, mitochondrial encephalopathy with lactic acido-
sis and stroke-like episodes (MELAS), maternally inher-
ited diabetes and deafness, or chronic progressive
external ophthalmoplegia.

The pathogenesis of mitochondrial hearing loss is
based on the high adenosine triphosphate (ATP) require-
ment in the cochlear hair cells. A reduction of available
ATP, caused by dysfunction of the mitochondrial oxida-
tive phosphorylation due to mutations, results in distur-
bances of the ionic gradient in the inner ear. Thus, mito-
chondrial mutations may also contribute to the
progressive hearing loss of aging, presbyacusis.42

POU3F4 (DFN3)

POU3F4 encodes a transcription factor (POU is an ab-
breviation for Pit, Oct, and Unc DNA binding domains).45

Mutations have been found dispersed throughout the
gene, with clustering in the POU domains. They are
causal in X-linked, non-syndromic, progressive and pro-
found sensorineural hearing loss (DFN3), which may
demonstrate a conductive component due to stapes fix-
ation. The stapes is a stirrup-shaped bone in the middle
ear. POU3F4 related hearing loss is another disorder for
which imaging studies by CT scan may be helpful, as a
widening of the internal acoustic canal, and a dilatation in
the boundary between the internal acoustic canal and the
inner ear may be seen. As a result, perilymphatic pres-
sure is increased and the perilymph from the inner ear
may stream out during surgical removal of the stapes.

WFS1 (DFNA6, DFNA14, DFNA38)

WFS1 was first described in 1998 by Strom et al46 and
more than 90 mutations have been identified in the WFS1
gene since. WFS1 encodes the glycoprotein wolframin
and is associated with autosomal recessive Wolfram syn-
drome in the presence of inactivating mutations. It is also

linked to an increased susceptibility to suicide and men-
tal illness, as well as diabetes. Non-inactivating muta-
tions, with a presumed dominant-negative effect, are a
common cause of autosomal dominant low frequency
SNHL (DFNA6/14/38).47 The majority of these mutations
are located in the carboxy-terminal protein domain. The
hearing loss typically displays childhood onset and is
progressive, but does not advance to profound hearing
loss. The majority of patients have no significant hearing
impairment in the frequencies important for speech.
Thus, most do not require hearing aids.48

Universal Newborn Hearing Screening

In the past, a screening approach with inclusion of only
high-risk infants failed to identify at least 50% of children
with hearing loss, and many newborns without risk factors
remained undiagnosed until after 18 months of age. If
diagnosis and intervention take place before 6 months of
age, however, an almost age-appropriate level of lan-
guage skills can be accomplished. In 2000, the Joint
Committee on Infant Hearing has endorsed Universal
Newborn Hearing Screening (UNHS).49 The aim is to
provide hearing screening to all newborns before the age
of 1 month, with confirmation of hearing loss in infants
who do not pass the initial, or a subsequent screening,
through an audiologic evaluation by the age of 3 months.
Comprehensive treatment can then be initiated before
the age of 6 months.6 Most children identified through
this program have parents with normal hearing.

Hearing loss can be identified by several different
complementary methods. Following the guidelines from
the National Institutes of Health, all U.S. states have
adopted UNHS, but testing algorithms and requirements
vary. The two main methods used in newborn screening
are otoacoustic emission and automated auditory brain
stem response.2

One limitation of UNHS is that not all cases of child-
hood hearing loss will be detected. The neonatal hearing
screening may fail to identify children with progressive
hearing loss, which accounts for approximately 15% of
preschool children with SNHL.11 Progression has even
been described in the usually stable prelingual hearing
loss associated with GJB2 mutations. In two children with
homozygous 35delG mutations, the hearing loss appears
to have been prelingual but not congenital. Both children
passed newborn hearing tests by auditory brainstem re-
sponse and a free field audiogram, respectively. This
implies that an infant may pass the UNHS but could still
become severely affected early in life.50

The UNHS test is only the first step in a successful and
cost-effective program. The main goal is early diagnosis
and management, normal language development, and
long-term success after intervention. Data management
and the tracking of infants for follow-up are currently in
development. As yet, however, there is no universal proto-
col for medical management of hearing-impaired infants.
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Medical Evaluation of Hearing Loss

The medical evaluation should begin as soon as hearing
loss is suspected with a complete prenatal, medical, and
family history. Risk factors such as low Apgar scores, low
birth weight, respiratory distress, mechanical ventilation,
admission to the neonatal ICU, hyperbilirubinemia, retro-
lental dysplasia, craniofacial anomalies, and chromo-
some abnormalities should be assessed at this time.6

Clinical and genetic examination are necessary to ex-
clude the often subtle features compatible with a syn-
dromic or congenital infectious etiology. In addition, an
ophthalmology examination should be performed be-
cause ocular abnormalities are present in up to half of
children with severe to profound hearing loss.51 Every
patient with unexplained hearing loss should also have a
renal ultrasound and neuro-imaging of the temporal
bone. Imaging studies may include a high resolution CT
scan to assess the presence of a Mondini malformation,
or a MRI to visualize the acoustic nerve, exclude aplasia,
and rule out infectious inner ear destruction. An MRI is
especially important before cochlear implant surgery.

Laboratory testing should be individualized and di-
rected toward the suspected diagnosis. Such testing
may include an IgM antibody assay in the first few years
of life to assess the possibility of intrauterine infection,
testing for hemoglobinopathies as these may be associ-
ated with SNHL, urinalysis and renal function tests in
children with possible Alport syndrome, thyroid testing to
rule out a deficiency, TSH and a perchlorate discharge
test in suspected Pendred syndrome, and an evaluation
of metabolic disorders such as lysosomal storage diseas-
es.11 An ECG to assess the QT interval should be per-
formed if Jervell and Lange-Nielsen or Romano-Ward
syndrome are suspected. Any evaluation of hearing loss
requires a multidisciplinary approach, which should in-
clude counseling and support for parents. A recent sur-
vey revealed that identification of the cause of the hearing
loss is the highest priority of parents who learn that their
child is hearing impaired.6

Genetic Testing

GJB2 (connexin 26) analysis should be the first step in
mutation analysis for non-syndromic sensorineural hear-
ing loss, as it is the most common cause in its category.
Samples used for testing can include peripheral blood
and tissues, but also less invasive samples such as buc-
cal cells obtained with a swab, or part of the blood spots
collected for newborn screening. Both means of collect-
ing DNA alleviate the requirement to perform venipunc-
ture on very young children. GJB2 mutations can be
identified with a variety of allele-specific assays including
PCR followed by restriction digestion, PCR with allele-
specific hybridization, primer extension, or real-time PCR.
Such methods are rapid, economical, and highly sensi-
tive and specific but limiting because the number of point
mutations investigated is typically low. As observed in
numerous other conditions, ethnic background plays an
important role in the prevalence and frequencies of mu-

tations as illustrated by the most commonly observed mu-
tations in Ashkenazi Jews (167delT), Asians (235delC), and
Caucasians (35delG). The 35delG mutation is markedly
uncommon in African Americans but the prevalence of
SNHL is not. Most likely, other GJB2 alleles such as R143W
play a role. This mutation was detected in the majority of
hearing-impaired study subjects in Ghana.52 Thus, ethnic
origin should be a factor in deciding which type of assay is
most appropriate for a patient.

Mutation scanning methods such as DGGE, TTGE,
SSCP, and DHPLC need to be fully optimized to create
reproducible results. Depending on the technique, con-
ditions, and level of optimization, some of these methods
are a general mutation screen by which some mutations
may be missed. Sequencing is the most comprehensive
and definitive method, as almost all point mutations as
well as small deletions and insertions can be detected.
The relatively small size of the GJB2 gene makes it well
suited for this approach. Nearly all mutations have been
detected in the coding region, which is entirely encom-
passed by the second exon. However, since most labo-
ratories focus on this area only, it is not completely re-
solved whether the inclusion of exon one would be
advantageous.52 Drawbacks of direct DNA sequencing
are the inability to detect deletions of entire exons or
genes and labor intensive interpretation, although se-
quence comparison software facilitates this task. Analy-
sis of a sequence in the presence of a frame-shift muta-
tion can be challenging because other underlying
mutations may be present. If a frame-shift mutation is
detected, additional primers should be used to interro-
gate the sequence in both directions.53 Large deletions
and insertions could be investigated with a long PCR
approach, coupled with gel-based analysis for sizing.

The GJB6 deletion should be investigated as a second
step in individuals in whom no, or only a single, GJB2
mutation was detected.54 This can, for example, be
achieved by the use of primers flanking the large dele-
tion, as this is a recurring deletion with the same break-
points. Only individuals with the deletion would demon-
strate presence of this product while a control product
outside the deletion could be used for verification of
amplification.23 The GJB2 and six products can be also
targeted simultaneously by a multiplex PCR to evaluate
presence of the deletion by agarose gel electrophoresis,
followed by direct DNA sequencing of the open reading
frame in the GJB2 gene.53

In addition to UNHS and a general medical evaluation,
powerful arguments can be made for genetic testing in
individuals with hearing loss. 1) In the majority of individ-
uals with genetic hearing loss, an etiology cannot be
otherwise established because imaging studies are neg-
ative, extra-auditory features are not apparent, and the
hearing loss phenotype does not allow categorization.
The considerable and ongoing progress in our under-
standing of the molecular pathology of hearing impair-
ment, conversely, increasingly enables the identification
of a specific genetic defect. 2) As molecular analysis is
essentially non-invasive, sedation or general anesthesia
of infants and children may be avoidable and the need for
more extensive, and expensive, testing may be reduced.
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3) Molecular testing can result in an accurate and early
diagnosis, which facilitates optimal cognitive develop-
ment. 4) Molecular analysis can be beneficial for the
diagnosis of syndromic hearing loss before additional
features emerge (eg, in Pendred syndrome or Jervell and
Lange-Nielsen syndrome), and can distinguish individu-
als with mitochondrial mutations who are at risk for iatro-
genic hearing loss when treated with aminoglycosides.
Published reports have, in general, excluded cases with
clear environmental risk factors or syndromic hearing
loss patients from GJB2 analysis. Since several individu-
als with such risk factors and hearing loss have been
shown to carry GJB2 mutations after all, however, genetic
testing may be appropriate in these cases as well. 5)
GJB2 variants may influence the expression of syn-
dromic, environmental, progressive, and age-related
hearing loss. Because GJB2 carriers have reduced hair
cell function, heterozygous mutations may contribute to
more severe or earlier manifestations.52,55 6) Other ben-
efits include associated knowledge of the pattern of in-
heritance and more accurate genetic counseling.

As more data become available, genotype-phenotype
correlations can be made and the clinical significance of
individual mutations, or their combinations, can be as-
sessed more dependably. The demand for molecular
tests is already increasing with the discovery of the varied
molecular defects underlying hearing loss. The spectrum
of molecular tests available clinically or on a research
basis is also growing and can be followed on the
Genetests website (http://www.genetests.org/servlet/
access). It is to be expected that genetic testing will
become an integral part of hearing loss evaluations at all
ages, and that UNHS will be coupled with guidelines for
follow-up. Even if a mutation cannot be identified at
present, re-contacting and follow-up genetic testing may
be warranted when additional molecular assays are de-
veloped.

Molecular diagnostic results should always be inter-
preted with caution, as our knowledge of the molecular
basis of hearing loss is still evolving. This poses a chal-
lenge for health care providers, as few are specialized in
this area. A common misperception is that a negative
mutation screen rules out genetic deafness. Our reports
and interpretations should be individualized, detailed,
and reflect uncertainties regarding the current knowl-
edge when appropriate. Pathogenicity has not yet been
determined for all described mutations (see the con-
nexin-deafness homepage for current connexin data,
http://www.crg.es/deafness/) and new mutations are dis-
covered by comprehensive approaches such as gene
sequencing. In such cases, pathogenicity can be in-
ferred by amino acid conservation across species, loca-
tion of the mutation at a residue corresponding with
pathogenic mutations in related genes, impact of a mu-
tation on charge and polarity, coexistence with other
mutations in the same gene or another, type of hearing
loss identified, family studies, and an absence of the
novel mutation in a large group of control subjects with
the same ethnic background. Even so, pathogenicity can
only be resolved by expression and functional studies.53

Caution should also be practiced in terms of inheritance,

as autosomal dominant and recessive hearing loss can
be caused by mutations in the same gene. Genotype-
phenotype correlations are only now emerging and are
being studied on a larger scale to determine the effect of
compound heterozygous mutation sets. Even with well-
known mutations such as the 35delG mutation in the
GJB2 gene, however, intra-familial variability from mild to
profound hearing loss can be observed and accurate
prognosis is not currently possible. There may be spe-
cific missense mutations that exert an influence in the
heterozygous state. Heterozygous mutations may also
affect susceptibility to presbyacusis or noise-induced
hearing impairment through a semi-dominant effect.20

Ethical Considerations

Genetic testing for hearing loss and deafness are not
collectively perceived to be advantageous. Especially in
the deaf community at large, deafness is neither consid-
ered to be negative, nor limiting. This community has its
own linguistic culture (sign language), values and identity
of which deafness is an integral part. It is not perceived to
be a medical condition. Consequently, advances in hear-
ing loss research and genetic testing might be perceived
as harmful. Genetic services may be considered, how-
ever, because some individuals prefer to have deaf chil-
dren. Genetic counseling services for families with deaf-
ness can only be effective and appropriate if the social
values of the deaf community are taken into consider-
ation.56

For hearing parents, on the other hand, having a hear-
ing-impaired or deaf child typically raises many ques-
tions and concerns for the future. The possibility to de-
termine the etiology of their child’s hearing loss through
non-invasive methods, the prospect of targeted treatment
and comprehensive care early in life, together with an
understanding of the mode of inheritance and chance of
recurrence, are generally welcomed and lead to greater
acceptance within the hearing community. Not surpris-
ingly, prenatal diagnosis would be considered by hearing
individuals more than twice as often than by deaf persons
(49% versus 21%), with the hard-of-hearing falling in
between (39%). Within all these groups, termination of
pregnancy would be considered by a small minority
only.57

General attitudes of the broader hearing, deaf, and
hard-of-hearing community toward genetic testing were
recently examined in conjunction with the widespread
implementation of newborn hearing screening. Eighty-
five percentage of hearing, and 62% of deaf or hard-of-
hearing individuals would allow genetic analysis for their
infant, which points to increasing acceptance of genetic
testing for hearing loss.58

Treatment

Deafness is the only sensory defect that can be treated
successfully even if the deafness is complete. A recent
cochlear implant study in children of 8 to 9 years of age
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who received their implants before the age of five, dem-
onstrated that all children benefited from cochlear im-
plantation in the areas of speech production, speech
perception, and language. There was a significant posi-
tive difference in cognitive and reading performance in
children with identified GJB2 mutations, which cause an
isolated insult to the cochlea without damage to the VIIIth
nerve or the central auditory system. Even though the
hearing loss in other children may be non-syndromic and
isolated in appearance, the underlying etiologies are
likely to include asymptomatic congenital cytomegalovi-
rus (CMV) and undiagnosed meningitis. Thus, these chil-
dren are likely to face SNHL with subtle additional dis-
abilities due to central effects.59

Cochlear implant surgery has also been performed in
patients with MELAS, maternally inherited diabetes and
deafness, Kearns-Sayre syndrome, and chronic progres-
sive external ophthalmoplegia. Even though a variety of
mutations can cause mitochondrial hearing loss and al-
though variable severity as well as progression after initial
onset are characteristic, cochlear implant surgery has
been highly beneficial. This strongly suggests that the
pathological changes resulting from the mtDNA muta-
tions primarily affect the cochlea.42

Conclusions

The field of hearing loss and deafness has taken great
strides in the areas of research, newborn screening, mo-
lecular diagnosis, and treatment. Hearing loss is now
identified early in all 50 states, and early confirmation
results in the possibility of more inclusive usage of lan-
guage and speech. Through an increased index of sus-
picion, syndromic causes can be diagnosed or excluded
with a careful evaluation, and the molecular basis of
deafness can be determined more reliably than ever
before. In cases of non-syndromic SNHL, GJB2 mutation
analysis should always be offered, preferably in step-
wise combination with GJB6 testing. Mitochondrial inher-
itance and testing should be considered in any family
with multiple affected individuals, except when the hear-
ing loss was clearly transmitted through a male. When
more assays become available, molecular testing could
become the first step in the causal determination while
more invasive testing may be avoided. Once cause is
established, treatment such as cochlear implantation can
dramatically improve communication and quality of life
for many patients. At the same time, every discovery in
the biology of the auditory system brings us one step
closer to transforming silence to sound.
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